Abstract: Mass sporting events in the summertime are influenced by underlying weather patterns, with high temperatures posing a risk for spectators and athletes alike. To better understand weather variations in the Greater Toronto Area (GTA) during the Pan American Games in 2015 (PA15 Games), Environment and Climate Change Canada deployed a mesoscale monitoring network system of 53 weather stations. Spatial maps across the GTA demonstrate large variations by heat metric (e.g., maximum temperature, humidex, and wet bulb globe temperature), identifying Hamilton, Ontario as an area of elevated heat and humidity, and hence risk for heat-related illness. A case study of the Hamilton Soccer Center examined on-site thermal comfort during a heat event and PA15 Soccer Games, demonstrating that athletes and spectators were faced with thermal discomfort and a heightened risk of heat-related illness. Results are corroborated by First Aid and emergency response data during the events, as well as insight from personal experiences and Twitter feed. Integrating these results provides new information on potential benefits to society from utilizing mesonet systems during large-scale sporting events. Results further improve our understanding of intra-urban heat variability and heat-health burden. The benefits of utilizing more comprehensive modeling approaches for human heat stress that coincide with fine-scale weather information are discussed.
Introduction

Pan and Para Pan American Games (PA15 Games)
The Pan American Games are an Olympic-style competition held every four years in the year preceding the Summer Olympic Games for athletes from countries within the Americas. The Para Pan American Games are a similar competition held immediately after the Pan American Games for athletes with physical disabilities. The two competitions combined are henceforth referred to as the 'PA15 Games'. The PA15 Games took place in Toronto, Ontario, Canada in 2015 from July 10th-26th and August 7th-15th, respectively. As with any summer sporting event, heat-related illnesses and Olympics [33] ), many of whom come from distant locations and are often poorly acclimatized to the local climate [34] . Contrarily, athletes often participate in heat acclimation training well in advance of distant competitions to prepare for competition in the local weather conditions where the competition is being held. They further possess a higher fitness level [35, 36] and are more prepared for their activity, thus allowing the athletes to handle higher heat loads more efficiently. Furthermore, their motivation and their expectation of a warmer environment due to physical activity may also decrease their perceived thermal discomfort [37] [38] [39] [40] .
The current study utilizes a 53-station mesoscale monitoring network (mesonet) deployed for the PA15 Games across the GTA to gain strategic insight into: (1) temperature variability across the GTA during the summer of 2015, including the PA15 Games period; and (2) provide a case study analysis of the thermal conditions and perceptions connected to health at a hot, crowded venue during major PA15 Games events to demonstrate the value of site-specific weather stations. The project builds on the greater PA15 Games initiatives set to harness the related challenges of providing urban-scale weather, AQ, and health alerts and services during a major event [2] .
Experiments
Study Site
Toronto, Canada (43.7182 • N, 79.3774 • W), the capital city of the Province of Ontario, is a dynamic metropolis along Lake Ontario's northwestern shore. It is the largest city in Canada, hosting over six million residents within the GTA. The city experiences a semi-continental climate, with a generally warm, humid summer and a cold, dry winter, modified by its location on the shores of Lake Ontario [41] . The three hottest months are June, July, and August, with average daily high temperatures of 23.8 • C, 26.6 • C, and 25.5 • C respectively. Located in the warmest climate zone in Canada, Toronto has experienced above average maximum temperature (T max ) in five of the seven summers between 2010 and 2016 [42] and is predicted to have doubled heat-related mortality by 2050 and tripled heat-related mortality by 2080 [43] . Heat-health alert and response systems have become the norm in such cities of dense occupation. The province of Ontario's new health evidence-based heat warning information system (HWIS) was designed to have an early notification service for public health decision-makers and community partners when health-threatening weather conditions are imminent. The HWIS, therefore, is better able to support the mobilization and communication of local resources to encourage targeted response actions to help protect people from health risks associated with extreme heat events [2] . The HWIS was used in Toronto for the 2015 summer season and the PA15 Games in attempt to minimize human heat-related morbidity during an influx of athletes and public spectators as a result of the PA15 Games.
Data Collection
ECCC completed the installation of a 53-station mesonet throughout the PA15 Games area (see Supplementary Material Figure S1 ). Of those 53 stations, 10 are permanent stations and 43 are compact stations that were temporarily installed. Figure 1 shows the general design of the compact weather stations. Each station was equipped with a black globe temperature sensor (Campbell Scientific, Inc., Logan, UT, USA) to record globe temperature (T g ) ( • C), and either a Vaisala WXT520, Lufft WS601, or Lufft WS600 weather transmitter to record wind speed (ms −1 ) and wind direction, T a ( • C), dewpoint temperature (T d ) ( • C), and RH (%). Instrument height for all stations was 2.5 m above their respective surface. Data were collected at 1-min intervals using either a CR-1000 or CR-3000 Campbell Scientific datalogger. Forty-eight of the stations had ≤1.1% of data missing, three stations had <8% of data missing, and two stations had <18% of data missing. A list of each station's name, local climate zone (LCZ), latitude, longitude, and further description, as well as station LCZ examples, can be found in the Supplemental Material (Table S1, Figure S2 ) based on LCZs classification from Stewart and 
Heat Metric Calculation
From the meteorological variables collected by the mesonet, three heat metrics were calculated: the humidex, the WBGT index, and the COMFA human energy budget (EB) model. The COMFA EB model was used for the specific case study analysis during an anomalous heat event (Section 2.4). The maximum and minimum Ta values were additionally extracted. All were calculated based on the average observations of the previous hour.
Canadian meteorologists use the humidex to communicate an estimate of a perceived temperature--or one that the average human body would feel, given the combination of the Ta and RH of the air--as follows:
Humidex 0.5555 6.11
. .
(1)
where Ta is the air temperature in °C and Td is the dewpoint temperature in Kelvin. The WBGT index was created in the early 1950s to limit serious heat illness outbreaks in the United States Armed Services training camps, and is commonly used in heat stress research [46] . The index is a weighted average of air temperature (Ta), the natural wet-bulb temperature (Tnwb), and globe temperature (Tg), calculated as:
The WBGT index remains a convenient and comprehensive index of heat stress to monitor environmental conditions during manual labor and exercise in direct sunlight. Multiple sporting organizations, such as the Women's Tennis Association (WTA), the National Collegiate Athletic Association (NCAA), the International Federation of Association Football (FIFA), etc. use the WBGT index to protect both athletes and spectators during sporting events. Specific guidelines have been established by the American College of Sports Medicine (ACSM) for activity modifications to avoid experiencing heat stress (e.g., rest breaks, water consumption, limited uniform attire) [47] . Risk of exertional heat illness begins for fit and acclimatized competitors at a WBGT of 22.3 °C with the need to monitor fluid intake. According to the ACSM, WBGTs above 30.1 °C would limit the amount of activity or add breaks. The PA15 Games threshold for soccer games utilized a 32 °C threshold set by FIFA to impose mandatory cooling breaks. 
Heat Metric Calculation
From the meteorological variables collected by the mesonet, three heat metrics were calculated: the humidex, the WBGT index, and the COMFA human energy budget (EB) model. The COMFA EB model was used for the specific case study analysis during an anomalous heat event (Section 2.4). The maximum and minimum T a values were additionally extracted. All were calculated based on the average observations of the previous hour.
Canadian meteorologists use the humidex to communicate an estimate of a perceived temperature--or one that the average human body would feel, given the combination of the T a and RH of the air--as follows:
where T a is the air temperature in • C and T d is the dewpoint temperature in Kelvin. The WBGT index was created in the early 1950s to limit serious heat illness outbreaks in the United States Armed Services training camps, and is commonly used in heat stress research [46] . The index is a weighted average of air temperature (T a ), the natural wet-bulb temperature (T nwb ), and globe temperature (T g ), calculated as:
The WBGT index remains a convenient and comprehensive index of heat stress to monitor environmental conditions during manual labor and exercise in direct sunlight. Multiple sporting organizations, such as the Women's Tennis Association (WTA), the National Collegiate Athletic Association (NCAA), the International Federation of Association Football (FIFA), etc. use the WBGT index to protect both athletes and spectators during sporting events. Specific guidelines have been established by the American College of Sports Medicine (ACSM) for activity modifications to avoid experiencing heat stress (e.g., rest breaks, water consumption, limited uniform attire) [47] . Risk of exertional heat illness begins for fit and acclimatized competitors at a WBGT of 22.3 • C with the need to monitor fluid intake. According to the ACSM, WBGTs above 30.1 • C would limit the amount of activity or add breaks. The PA15 Games threshold for soccer games utilized a 32 • C threshold set by FIFA to impose mandatory cooling breaks.
Thermal Comfort Case Study
A focused case study is provided for the Hamilton Soccer Center due to: (1) the venue's diagnosis as a high-heat-exposure area during the months the PA15 Games took place (Section 3.1); and (2) the multiple complaints received from spectators, volunteers, and on-site paramedics alike regarding weather conditions at the venue during PA15 Games events (Section 3.3). For the case study, the human EB values for spectators and athletes were calculated to determine the thermal discomfort experienced by the spectators based on the minutely weather data from the nearby mesonet station at the soccer stadium ( Figure 1) .
The COMFA human EB model is a mathematical model designed to estimate the TC of an individual at a given place and time. Studies have both tested and incorporated revisions into the model to ensure agreement between predicted TC estimates and actual TC responses during both sedentary and non-sedentary activity [13, [48] [49] [50] . The model requires meteorological inputs (T a , absorbed radiation (R abs ), RH, and V w ) and personal inputs (metabolic activity, M act , and activity velocity, V a ) to produce a human EB in Wm −2 , based on the following summation:
where M is the metabolic heat generated by a human, R abs is the absorbed radiation, E and C are the total evaporative and convective heat losses, respectively, and L emit is longwave radiation emitted from a human. All fluxes are in Wm −2 . Table 1 displays the subjective interpretation of the model output values for sedentary individuals. We present details specific to the current study below, while the full model can be found elsewhere [49] [50] [51] .
Absorbed Radiation
The R abs was estimated from the T g , first by calculating the T mrt (Equation (4)) [16] and converting to R abs in Wm −2 (Equation (5)).
where T a is air temperature in • C, T g is globe temperature in • C, V w is wind speed in ms −1 , ε is the globe emissivity (0.95), and D is the globe diameter (0.150 m).
where σ is the Stefan-Boltzmann constant (5.67 × 10 −8 Wm −2 K −4 ). However, T g values are based on a black spherical human with an albedo near 0, yet humans are mainly cylindrical-shaped with an average albedo of about 0.37 [48, 52] ; therefore, the R abs values calculated from the black globe in Equation (5) would overestimate the actual R abs experienced by a human, mainly due to the black matte color. Hence, a correction factor was applied to each R abs value to account for color differences and geometric differences by sun angle between a cylinder and globe, as in Grundstein et al. [51] . An effective area of 0.78 was applied for a standing human [53] . All physiological input values for the athletes and spectators are shown in Table 2 and outlined below. 
Metabolic Intensity
Spectator physiological inputs were modeled as a constant "very excited, emotional, and cheering" individual (metabolic equivalents (MET) = 3.0) [55] (see Table 2 ). As compared to spectators, the metabolic rate of athletes is much higher and more variable. Estimating TC is thus considerably more challenging, yet still valuable due to the running-stopping nature of the game. Information regarding the athletes' metabolic intensities were not collected at the PA15 Games. Hence, rather than using a constant (and thus largely inaccurate) metabolic intensity of 8.0 METs from the compendium of physical activities [55] ), we applied heart rate (HR) and V a data from a competitive women's soccer game completed at Texas Tech University in Spring 2017 from a midfielder as an analogue (data were from Polar Team Pro HR monitors, providing HR and V a in 1 s intervals, averaged to 1 min). The HR estimates collected in Texas are assumed to be similar to those experienced by a soccer player at the PA15 Games and provide a much more realistic estimate of average metabolic intensities of soccer players in normal game situations. Analogous to the energy expenditure estimation methods [56, 57] , inputs of age (25 years of age), average resting HR, activity HR, and gender were used to estimate the energy expenditure of a female or male midfielder, and output in METs (1 MET = 58.15 Wm −2 ).
Clothing
Estimates of clothing ensemble insulation were determined by: (6) where I clu is the effective thermal insulation of the individual garments. Spectator clothing estimations were based on typical summertime attire, which includes underwear, a T-shirt, shorts, light socks, and sandals (0.33 clo) [58] . Athletic soccer clothing estimations were based on the standard configuration of a soccer uniform (i.e., briefs/panties, shirt, shorts, knee-length thick socks, and athletic shoes (0.37 clo)).
The EB experienced by spectators and athletes was determined by using the subjective interpretation shown in Table 1 . The scales differ for active and non-active individuals because those performing physical activity are prepared, accepting, and expectant of slightly uncomfortable conditions, entitled the activity skewing effect [12, 50] .
Informal and Formal Evidence of Heat Stress
Insights concerning thermal discomfort and heat stress were also obtained through reports from the ECCC, Hamilton Paramedic Service, St. John Ambulance, and Twitter feed within the stadium. First Aid and EMS data were provided by the paramedic agencies working at the soccer venue as recorded during each event of interest.
Social media, particularly Twitter, has become a rising data source for social research, allowing for a better understanding of complex human behaviors [59, 60] , social dynamics [61, 62] , emergence management and risk assessment [63] [64] [65] [66] , and has specifically demonstrated usefulness for assessing weather and extreme heat impacts [67, 68] to assess the spectator perception of heat at the event, and were focused on 25 and 26 July 2015 when the men's bronze medal soccer match, women's gold medal soccer match, and men's gold medal soccer match took place.
Results
Urban Heat Variability across the PA15 Games Area
The station-specific seasonal summer averages for each heat stress metric (T max , maximum humidex, and maximum WBGT index) are presented by size and color of circles in Figure 2 . The stations with the highest T max values are concentrated near downtown Toronto and Hamilton, two of the most built-up and populated urban areas within the PA15 Games region. It is evident that the area between Lake Erie and Lake Ontario creates a very humid environment as high humidex and WBGT index values (both highly sensitive to the amount of moisture in the air) are observed at stations located between the two lakes. Thus, the downtown area, with less vegetation and moisture, presents comparatively lower humidex and WBGT index values, yet higher T max values due to more radiant absorption in the built-up urban area. Overall, however, the T max , humidex, and WBGT index metrics' values vary minimally among the stations, with ranges of <4 • C for all.
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Results
Urban Heat Variability across the PA15 Games Area
The station-specific seasonal summer averages for each heat stress metric (Tmax, maximum humidex, and maximum WBGT index) are presented by size and color of circles in Figure 2 . The stations with the highest Tmax values are concentrated near downtown Toronto and Hamilton, two of the most built-up and populated urban areas within the PA15 Games region. It is evident that the area between Lake Erie and Lake Ontario creates a very humid environment as high humidex and WBGT index values (both highly sensitive to the amount of moisture in the air) are observed at stations located between the two lakes. Thus, the downtown area, with less vegetation and moisture, presents comparatively lower humidex and WBGT index values, yet higher Tmax values due to more radiant absorption in the built-up urban area. Overall, however, the Tmax, humidex, and WBGT index metrics' values vary minimally among the stations, with ranges of < 4 °C for all. Much of the heat metric variability mapping findings are devoted to detecting areas/venues with heightened heat exposure during the summer months, known as 'hot spots'. Within the GTA, the city of Hamilton emerges as a hot spot across all heat metrics, with the Hamilton Soccer Center station ranking within the top 4% of the T max , humidex, and WBGT index metric seasonal summer average values among all of the 53 stations. A two-sample t-test confirmed that the Hamilton Soccer Center station was significantly different from the mean of all stations for the T max , humidex, and WBGT index heat metrics. For these reasons, athlete and spectator energy budgets were modeled at three PA15 Games soccer events in late July at the Hamilton Soccer Center to assess the extent to which the weather conditions in Hamilton had an impact on human TC. Figure 3a displays the temporal changes of the spectator energy budgets modeled for the duration of the game and the preceding and succeeding hour (warm-up and medal ceremony). The EB analysis showed TC to fall between the range of 'slightly cool' (no threat of heat stress) to 'hot' (dangerous threat of heat stress). The average EB value was 90.3 Wm −2 for the men's bronze medal match, 249.6 Wm −2 for the women's gold medal match, and 67.1 Wm −2 for the men's gold medal match ( Figure 4 ). Even with low metabolic rate modeling (M act = 166 Wm −2 ), the spectator thermal comfort reached well above the 'warm' zone (> 121 Wm −2 ) (potential for heat stress), and commonly remained in the 'slightly warm' range (moderate threat of heat stress) or higher for the second half of each soccer event. Overall, a steady increase in the estimated energy budgets throughout the game period is observed for all three matches (Figure 3a) . For average hourly meteorological data at Hamilton Soccer Center on the days the soccer matches took place, please see Supplementary Material Table S2 .
Stadium Thermal Comfort
Peak EB values, and therefore the greatest thermal discomfort, occurred during the women's gold medal soccer match, where spectators remained in the 'hot' range for the majority of the event (162 min) (Figure 3a) . The men's bronze medal match recorded a dangerous threat of heat stress for 27 min total. The most thermally comfortable event was the men's gold medal match, which only exceeded the 'hot' threshold for 12 min.
Each EB component by match is displayed in Figure 4 , demonstrating the important influence of R abs in increasing the heat load, with critical heat losses arising from evaporation and convection. These heat losses vary minimally as the metabolic rates and movement were constant in the model, thus any variability of evaporation is due to changing wind and activity speeds and RH, while convection is primarily controlled by the T a . In the women's gold medal game, a much higher T a and RH with low V w resulted in a lower ability to lose heat and thus a higher overall EB and risk of heat stress.
The modeled athlete energy budgets assumed that the athletes remained outdoors for the duration of the game, the half time break, and the preceding hour (warm-up). Figure 3b displays the temporal changes of the modeled athlete (midfielder) energy budgets for the three matches. During the women's gold medal match, the athletes endured 'hot' budget levels for almost the entire event (97 min total), whereas the men's bronze and gold medal matches reported a dangerous threat of heat stress during the second half of the game for 16 and 18 min total, respectively. Figure 4 demonstrates the large variability in the metabolic rates, evaporation, and convection as compared to the spectators. The differences in evaporative and convective heat losses between athletes and spectators are primarily due to a higher metabolic rate of athletes (causing a higher sweating rate and thus evaporation of sweat) and activity speed, respectively.
The dip in player EB values between the start and end of each soccer match can be attributed to the approximately 20-min half-time break when players generally sit and a decrease in M act occurs. The energy flux gains and losses that produce the final athlete energy budget (based on Equation (3)) for each of the three events are shown in Figure 4 . The EB follows a pattern strongly related to M act for the men's bronze and gold medal matches, and to R abs for the women's gold medal match. These results are primarily due to a larger variance in V w during the women's gold medal match, which causes R abs to vary more due to the method of calculating T mrt (based on Equation (5)). 
Spectator and EMS Response
Anecdotal evidence from Twitter, ECCC reports, Hamilton Paramedic Service, and St. John Ambulance revealed that a combined 10 heat-related EMS calls were made during the men's bronze medal and women's gold medal soccer matches on 25 July, and that 13 heat-related EMS calls were made during the men's gold medal soccer match on 26 July. All heat-related EMS calls were made directly from the Hamilton Soccer Center venue. However, as the majority of heat-related EMS calls were made during the men's gold medal match, these results emphasize that mass gatherings have the ability to increase heat stress and thus the number of heat-related illnesses occurring at lower EB levels, and that more attendees were likely present at the men's gold medal match.
According to ECCC, a spectator that attended the men's bronze medal soccer match stated that "on the way there [the stadium], there were long lines for the shuttle buses, and several people had to be treated for heat stroke" (D. Sills (ECCC), personal communication, 2017). Similarly, on 26 July on-site paramedics noted that the conditions at the venue were "very hot" and that they "had to call in crews to stand-by in hard enclosure [the stadium] due to the call volume" (Hamilton Paramedic Service, personal communication, 3 February 2017) . Such anecdotal information is vital in planning future large-scale sporting events.
A total of 150 Tweets were obtained from the area during the soccer events, with eight complaining of the heat. These Tweets mentioning heat conditions, from personnel inside/around the Hamilton Soccer Center, on the days that the three soccer matches took place are listed below.
• "The sun is burning!" The perceived heat-related EMS calls and anecdotal communication mentioned above are consistent with the TC results from the modeled spectator energy budgets during each of the three soccer events. However, we cannot complete a spatial quantification of spectator TC because spectator energy budgets were modeled based on weather data at only one location at the Hamilton Soccer Center (see Figure 1) . Further, the exact locations of where the heat-related Tweets and EMS calls were made within the stadium are unknown.
Discussion
Geospatial Station Summertime Averages
Across the GTA, between-station summertime average values showed low variability for T max , humidex and the WBGT, yet some influence from vegetation, water sources, and/or built-up areas are present. The overall small spatial heterogeneity, however, indicates good mixing from wind and that differences in the LCZ and surface cover among stations had little effect on heat metric values. Since Toronto experienced below average temperatures during the summer of 2015 [42] , few heat waves were present and hence a lower UHI intensity could build. Furthermore, the maps presented examine averages of all days (two months) rather than during distinct days or events, which provides more robust estimates and smooths intra-urban and seasonal variability. However, the geospatial map results highlight that warmer temperatures and higher humidity are present in both the downtown Toronto area and the Hamilton area. Oke and Hannell [70] have shown that the local steelworks in Hamilton is responsible for producing its own UHI. Similarly, Blair [71] found that within the Toronto-Hamilton urban airshed, two large UHIs are present in the downtown areas of Toronto and Hamilton. The presence of the Great Lakes also enhances the humidity, yet we did not differentiate days by wind direction and speed, and thus cannot determine the extent to which the heat metric values were affected by the lake moisture, breeze, and/or circulation.
Spatial maps are helpful to guide urban planners looking to limit the highest heat levels in a city, and also help First Aid and emergency responders in determining high-risk locations for heat stress [12, 13, 72] . Any newly planned large-scale sporting events in the GTA can also make use of this new information for organization purposes, especially given that the mesonet station locations were situated at or near venues. Finally, such maps may inform city public health officials of the locations of increased heat, radiation, and humidity exposure at a finer intra-urban scale during the summer season [73, 74] . Particular example applications of these mesonet geospatial maps are the prioritization of hot spot locations for the delay of electricity shut-offs by energy policy managers [75] , examining heat or cold exposure during non-motorized transit [76] that occurs often when traveling to and from sporting events, and venue improvements.
Other urban heat variability studies have utilized similar mesonets across cities (e.g., Oklahoma City [77] ; Boston, New York, Philadelphia, Baltimore mesonets [78] ) to demonstrate fundamental spatiotemporal variations in intra-urban heat variability, information which aids in precipitation and storm predictions (as completed for the PA15 Games in Toronto [2] ), as well energy efficiency, public safety, security, transportation and many other critical functions in society [79] . Without the mesonet station on site, spectator and athlete thermal comfort analysis would not have been possible. No other study has yet to apply energy budget modeling to spectators at a sporting event, however, such a method may become more important at large-scale sporting events in hot-humid climates in the coming years, such as the 2020 Summer Olympics in Tokyo, Japan (e.g., [80] ) and the 2022 FIFA World Cup in Qatar.
Heat Stress at Sports Events
During hot weather, many individual characteristics influence who will be affected by heat, either for physiological or behavioral reasons [81] . Athletes, attendees at mass gatherings, and tourists are specific population subsets that can be negatively affected during episodes of hot weather because they are more likely to be outdoors, in large crowds, and/or exerting themselves. The anecdotal evidence from spectators, ECCC employees, and paramedics alike regarding the thermal discomfort experienced during the soccer events that took place on 25 and 26 July demonstrates that EMS personnel may have been unprepared to handle the unanticipated influx of heat-related illness complaints recorded at the Hamilton Soccer Center. With both spectator and athlete thermal comfort exceeding the 'hot' subjective interpretation threshold for all three events, venue design modifications (which can partially control and attenuate undesirable environmental conditions to improve TC, decreasing the chance of heat illnesses [82, 83] ) should be considered for the soccer stadium and other outdoor facilities that intend to hold mass gatherings in Hamilton.
Reducing the R abs by a human by increasing shade and implementing natural surfaces will have a positive effect on human TC and heat health and will reduce summer temperatures [10, 72, 84] . Venue modifications could include field-surface-type transition from synthetic turf to natural grass, as the radiational properties of such surfaces affects both the T a and the interactions of total radiation fluxes with the human body within a microclimate [85] , and/or the addition of fans to improve ventilation and shade sails over the stadium seats based on orientation and sun angle [86] . Such modifications could greatly impact short-term TC during sporting events since the energy flux gains and losses show that the final energy budget values are strongly influenced by a combination of the R abs and M act . A study by Bouyer et al. [87] also found that solar radiation and wind speeds were important factors in TC within stadiums, specifically on the perimeter of athletic fields. Further TC studies concur that radiation is an important variable to consider in outdoor TC research since radiation (T mrt or R abs ) is commonly the largest contributor to the human energy budget equation and has a strong negative relationship with human TC [15] . However, often radiation or a proxy for radiant heat (such as the globe temperature) is not measured at traditional weather stations.
The sensitivity of the both human energy balance and heat-related morbidity/mortality to T mrt or R abs variations warrants greater focus on new installations of radiant heat sensors, pyranometers, and/or improved assessment of city sky view factors (e.g., [80, 88] ) to improve spatial modeling of hot spots, which can serve as a guide to EMS deployment resources, energy use, and city planning efforts. Positioning EMS resources in such hot spots during heat waves and/or large-scale events, and providing sufficient staffing, is a vital strategy for reducing heat-related illness cases [89] .
The athletes endured the highest EB rates overall leading to recommendations to maximize athlete safety and performance and establish on-site emergency response plans [35, 90] , particularly for athletic venues located in areas with enhanced heat [34, 91, 92] . Yet often times, mass gatherings and the large spectator volumes can lead to potentially higher patient volumes. This increase in spectator heat-illness versus athletes at higher metabolic loads may stem from the idea that poor health and fitness are dominant risk factors leading to heat stress [93] . Exercise induces physiological adaptations that improve thermoregulation, attenuate physiological strain, reduce the risk of serious heat illness, and improve aerobic performance in warm-hot environments [94] . Therefore, integrating physical activity into daily life routines to improve cardiovascular health is a viable preventative and sustainable heat stress adaptation strategy for individuals, whereas other recognized risk factors such as age and urbanization have limited adaptation potential [93] . Therefore, considering the inter-individual differences of humans (specifically anthropometry, fitness, gender, and acclimatization status) in addition to the thermal environment can improve the prediction of heat stress [95] .
Limitations and Future Recommendations
Although select mesonet stations assembled by the Meteorological Service of Canada (MSC) of ECCC in preparation for the PA15 Games began collecting data in May 2015, the full array of stations was not completely operational until the beginning of July 2015. Additionally, the gradual de-commission of the stations began in September 2015. As a result, the meteorological dataset used to accomplish the objectives of this study was limited to only two months of data (July and August 2015) in order to incorporate data from all 53 stations. Knowing this, ECCC should consider the permanent operational reinstatement of a mesonet designed to construct a real-time evidence base for analysis that may be used to determine cutting-edge heat-health relationships in Toronto in the future. Additionally, the windspeed applied for in-stadium TC estimations was that collected by the mesonet station placed in open air just outside Hamilton Soccer Center (see Figure 1) , however wind speeds in the semi-outdoor environment of the stadium and in the crowd are slower [87] , and thus thermal discomfort was likely underestimated. Finally, given that numerous attendees were from out of the country, they may have been unable to use their cell-phones to access social media, and thus the Twitter-related analysis may also be an underestimate.
Conclusions
Novel fine-scale meteorological data from a within-city 53-station mesonet was used to calculate numerous hourly heat metric values for various locations across the GTA for July and August 2015. This unique dataset was applied in two ways: (1) to determine the GTA's areas of escalated heat exposure; and (2) to showcase the benefits of using outdoor human energy budget modeling as a meaningful tool for thermal comfort and heat stress assessment at mass gathering events. Results reveal intra-urban variation in heat exposure dependent on heat metric used (i.e., WBGT versus air temperature). The downtown Toronto corridor displayed higher heat levels based on maximum air temperature, yet the humidex and WBGT metrics showed lower heat levels in the downtown due to less humidity. The overall consensus among all heat metrics showed that Hamilton, Ontario maintained the highest levels of heat throughout the summer of 2015 and is an area of escalated risk for heat-related illness. Spectator and physically active athlete energy budgets at the Hamilton Soccer Center during PA15 soccer matches were significantly influenced by absorbed radiation by a human and metabolic activity, values which are not included in most heat stress metrics such as the humidex or heat index.
Results emphasize the various potential benefits and products (e.g., heat vulnerability maps, public real-time local weather information) that arise from implementing localized mesonet stations for public health protection. The ability to obtain highly resolved data at urban locations that are both built-up and highly visited by large crowds further enhances the impact and utility of said environmental information for planning, design, and health. Future large-scale sporting events will benefit from the mesonet and human thermal comfort information for resource deployment (e.g., EMS personnel) and for event planning purposes.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/8/321/s1. Table S1 : Mesonet weather station locations, LCZs, and surface covers. Considering the surrounding environment (up to 250 m), the LCZ of a station was determined post-site selection process using notes and photos taken by the MSC while on-site and Google Earth. Any LCZ or height differences among the stations were accounted for upon installation. The compact stations were primarily installed in 2014 and decommissioned in Fall 2015 and were operational from May 2015 through September 2015. However, this study focuses only on the data collected during July and August; the months during which the PA15 Games took place. Table S2 
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